Over 15 years the Gravity Recovery and Climate Experiment (GRACE) had considerably contributed to the determination of temporal variations of geoid heights. In May 2018, GRACE Follow-On (GRACE-FO) was launched. The aim of this contribution is to assess the suitability of data from non-dedicated gravity satellite missions (N-DGSMs) for the determination of temporal variations of geoid heights and bridging the gap between GRACE and GRACE-FO. The Amazon basin and the area of Poland were chosen as study areas. Monthly Global Geopotential Models (GGMs) developed using N-DGSMs data were utilized to determine temporal variations of geoid heights over the chosen study areas. Then, the obtained temporal variations of geoid heights were evaluated using ITSG-GRACE2016 GGMs. Time series of geoid height variations determined from GGMs of some N-DGSMs were smoothed using a moving average. The main findings reveal that for areas characterized with strong mass transport, e.g. the Amazon basin, correlation coefficients between smoothed temporal variations of geoid heights from GGMs of some NDGSMs and temporal variations of geoid heights from the ITSG-GRACE2016 GGMs reach the level of 0.6. For areas with a weak mass transport signal as for Poland, N-DGSMs-based GGMs investigated seem unsuitable for determining temporal variations of geoid heights.
Introduction
A precise geoid is essentially needed for the realization of the vertical reference system. It serves as a reference surface for the transformation between the geometrical ellipsoidal height obtained from Global Navigation Satellite System (GNSS) measurements and gravity-based heights, e.g. orthometric and normal heights, determined with the use of spirit levelling (cf. Torge and Müller 2012) . It is also required in many Earth's science disciplines. For example, a precise geoid is highly important in geophysics for understanding mass distribution in the Earth interior. In oceanography, the geoid is needed to study the sea-surface topography and its dynamic processes, as well as to study the ocean circulation, which is responsible for a large part of the global heat and energy transport, and thus plays a crucial role in the climate regulation (ibid). Recent studies, e.g. Rangelova (2007) , Rangelova and Sideris (2008) , Rangelova et al. (2010) , Krynski et al. (2014) and Godah et al. (2017 Godah et al. ( , 2018 , reveled the importance of temporal variations of geoid heights for high accuracy regional geoid modelling that has been considered as one of the activities of the Joint Study Group 0.15 (JSG 0.15) of the Commission 2 -Gravity Field of the International Association of Geodesy (IAG) (see Drewes et al. 2016 ).
Since late 1950s, the analysis of artificial satellite orbits revealed valuable results concerning geoid modelling (e.g. Veis 1960 ). In the early 21 st century, due to the launch of three dedicated gravity satellite missions, i.e. the CHAllenging Mini-Satellite Payload (CHAMP; Reigber et al. 2002) , Gravity Recovery and Climate Experiment (GRACE; Tapley et al. 2004) and Gravity field and steady state Ocean Circulation Explorer (GOCE; Floberghagen et al. 2011 ), a significant progress concerning geoid modelling has been achieved. Among those missions, the GRACE satellite mission, launched in April 2002, with its K-band ranging system measurements, provided monthly, weekly and daily data to determine temporal variations of geoid heights with an unprecedented accuracy as well as spatial and temporal resolutions. This mission was operated three times longer than its initial planned duration. In October 2017, GRACE satellites ran out of fuel, and the mission was terminated. The results of this mission, however, have emphasized the need for continuously operating GRACE-type missions. On 22 May 2018, the GRACE Follow-On (GRACE-FO) satellite mission was launched (see GRACE-FO 2018) . Bridging the gap between GRACE and GRACE-FO satellite missions to monitor mass transport in the Earth system has been considered an important task of the Earth science-related disciplines. Many investigations on the determination of mass transport within the Earth system using different data to bridge that gap have recently been conducted. For example, Zehentner et al. (2014) demonstrated the usefulness of non-dedicated gravity satellite missions (N-DGSMs) for estimating temporal variations of equivalent water thickness on a large scale; Bezděk et al. (2016 ), de Encarnação et al. (2016 , Dahle et al. (2017) and Jäggi et al. (2018) investigated the use of Swarm satellite mission orbits data for the determination of the Earth gravity field; Lück et al. (2018) estimated the ocean mass changes using Swarm satellite mission orbits data. So far, bridging the gap between GRACE and GRACE-FO is remaining one of the main issues that should be solved by the GRACE/GRACE-FO science team (cf. the latest GRACE/GRACE-FO Science Team Meeting; GSTM 2018).
The main objective of this contribution is to investigate the suitability of N-DGSMs for bridging the gap between GRACE and GRACE Follow-On satellite missions. It is particularly aimed at the assessment of recovering temporal variations of geoid heights for that gap using GGMs
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developed on the basis of SST-hl (Satellite-to-Satellite Tracking in the high-low mode) data from N-DGSMs.
Data used
Monthly GGMs obtained on the basis of SST-hl data from eleven satellites of N-DGSMs: Jason-2, Jason-3, MetOp-A, MetOp-B, Sentinel-3A, Kompsat-5, Swarm-3, TanDEM-X, TerraSAR-X, Swarm-1, and Swarm-2, were used in this investigation. Those GGMs were developed within the framework of the TVGOGO (Time Variable Gravity Observed by GPS derived Orbit positions; TVGOGO 2018) project conducted at the Graz University of Technology. The procedure implemented to determine time series of monthly gravity field models from kinematic orbits of satellites of those N-DGSMs is described in Zehentner and Mayer-Gürr (2016) . The altitudes of satellites of those N-DGSMs are given in Table 1 . In addition to GGMs based on data from N-DGSMs, monthly release 5 (RL05) GRACE-based GGMs developed by the CSR (Centre for Space Research; cf. Bettadpur 2012) and ITSG-GRACE2016 GGMs from the Institute of Geodesy of the Graz University of Technology (MayerGürr et al. 2016) , were utilized for the validation purposes.
Method
The Amazon basin and the area of Poland were selected as study areas. These areas are characterized with different strength of temporal variations of geoid heights signal. The Amazon basin was divided in this research into 48 subareas of 3 o ×3 o , while the area of Poland -into four subareas of 3⁰×5⁰ (cf. Godah et al. 2017; (Fig. 1) . Temporal variations of geoid heights ∆N were determined at the centre points of each subarea (see Figure 1 ) using primarily the IGiK-TVGMF (Godah 2019), a MATLAB package developed at the Institute of Geodesy and Cartography, Warsaw, Poland, for computation and analysis of temporal variations of gravity/mass functionals from GRACE-based GGMs as well as the modified version of this package with N-DGSM-based GGMs as an input data as follows:
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where r, φ, λ are spherical geocentric coordinates of the computation point, R is the reference radius of the Earth, GM is the product of the Newtonian gravitational constant G and the Earth's mass M, nm P are the fully normalized Legendre functions, γ denotes the normal gravity, ∆Cnm and ∆Snm present the differences between spherical harmonic coefficients of GRACE-based GGMs or N-DGSM-based GGMs and the corresponding ones from the reference model, and wn denotes the Gaussian filter (e.g. Wahr et al. 1998) used to reduce the noise in GGMs investigated.
The Gaussian filter of the radius of 500 km was used. Temporal variations of geoid heights were computed from GGMs truncated at d/o (degree/order) of 60 that corresponded to the spatial resolution of the subareas used in this investigation (see harmonic coefficients, i.e. C20, for all GGMs investigated were compensated with the corresponding ones obtained from satellite laser ranging data (Cheng et al. 2013) . The Earth Gravitational Model 2008 (EGM2008; Pavlis et al. 2012 ) and the World Geodetic System 1984 (WGS84) were used as a reference model and reference system, respectively.
Time series of monthly geoid height variations obtained at each subarea were centered to zero by subtracting their bias values as follows:
where ∆Naverage is the average value obtained from the time series of ∆N. Then, mean variations of geoid heights over study areas, i.e. over the Amazon basin and the area of Poland, for each month were obtained as follows:
centerd mean 1 for the Amazon basin, 48 for the area of Poland, 4
where j denotes the number of subarea.
Monthly mean of temporal variations of geoid height ∆N (SST-hl) determined from N-DGSM-based GGMs were evaluated using the corresponding ones computed from suitable GGMs developed with the use of GRACE satellite mission data. The ITSG-GRACE2016 GGMs were chosen for the evaluation since time series of those GGMs are the longest and the most updated among GRACE-based GGMs so far developed along the period from April 2002 to June 2017.
Firstly, the suitability of ITSG-GRACE2016 GGMs for the evaluation of ∆N (SST-hl) over the chosen study areas was assessed using the official GRACE Science Data System monthly gravity solutions, i.e. CSR RL05 GGMs. Monthly mean of temporal variations of geoid heights ∆N (ITSG) calculated from ITSG-GRACE2016 GGMs and ∆N (CSR) from CSR RL05 GGMs were obtained using Eqs. (1-3) . Then, the differences between ∆N (ITSG) and ∆N (CSR) were calculated as follows:
Secondly, ∆N (SST-hl) were determined over the investigated areas using Eqs. (1-3). Thereafter, they were evaluated using the corresponding ones obtained from ITSG-GRACE2016 GGMs, i.e. ∆N (ITSG) , and the differences were calculated.
In the final step, time series of ∆N (SST-hl) for some N-DGSMs were smoothed using a moving average of 3 months window size as follows:
where i denotes the month. The smoothed time series of geoid height variations were also evaluated using ∆N (ITSG) . The differences between ∆N (ITSG) and ∆N (SST-hl smoothed) ,
were determined.
The correlation coefficient (Corr. coef.) and the standard deviation of the differences (Std. dev.) between a pair of ∆N mean time series, e.g. ∆N mean(1) and ∆N mean (2) , were obtained as follows:
where .
As a very general rule of thumb, within this study, correlation coefficients between 0 and ±0.3 are considered as reflecting no correlations, between ±0.3 and ±0.7 as representing weak/moderate correlations, and from ±0.7 to ±1.0 as representing strong correlations.
Results and analysis
Figure 2 illustrates time series of ∆N (ITSG) and ∆N (CSR) and their mutual correlation determined with the use of Eq. (8). Statistics of differences between those temporal variations of geoid heights (cf. Eqs. (4) and (9)) are given in Table 2 . The results presented in Figure 2 and Figure 2 and Table 2 emphasize the suitability of the ITSG-GRACE2016 GGMs for reliable assessment of temporal variations of geoid heights for both selected study areas.
Time series of ∆N (SST-hl) and ∆N (ITSG) are shown in Figure 3 . The amplitudes of ∆N (SST-hl) from Jason and MetOp satellite missions are considerably large; differences between maximum and minimum values of ∆N (SST-hl) over Amazon basin exceed 2 m. Thus, those time series are not shown in Figure 3 . Among ∆N (SST-hl) time series depicted in Figure 3 , those computed from the Kompsat-5 data have noticeably larger amplitudes compared to ∆N (ITSG-GRACE2016) . Statistics of the differences δ∆N (ITSG-SST) obtained using Eqs. (5) and (9) are given in Table 3 . The coefficients of correlation between time series of ∆N (ITSG-SST) and ∆N (SST-hl) obtained with the use of Eq. (8) are shown in Figure 4 . Figure 4 : Coefficients of correlation between monthly mean of temporal variations of geoid heights ∆N (SST-hl) determined from N-DGSM-based GGMs and the corresponding ones ∆N (ITSG) obtained from ITSG-GRACE2016 GGMs
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The results presented in Table 3 indicate that GGMs based on SST-hl data of Jason, MetOp and Kompsat-5 satellite missions (satellite altitudes of 550 km and higher) are completely inappropriate for the determination of temporal variations of geoid heights. The δ∆N (ITSG-SST) obtained from GGMs based on those satellite missions data exceed 4 cm which is far out of the range of temporal variations of geoid heights (i.e. ±1 cm from ∆N (ITSG) ; cf. Fig. 2 ) over study areas. The Sentinel-3A is the only exception among high altitude satellites that reveal a good agreement in terms of the standard deviation of δ∆N (ITSG-SST) , i.e. 0.8 cm and 1.9 cm for the Amazon basin and the area of Poland, respectively. However, it should be noted that the currently available time series of GGMs developed using Sentinel-3A SST-hl data is very short (11 months), which is insufficient to assess the suitability of Sentinel-3A SST-hl data for the determination of temporal variations of geoid heights. . Thus, it could merely be concluded that a week/moderate correlation between ∆N (SST-hl) and ∆N (ITSG) can be obtained from GGMs developed on the basis of Swarm-combined, and TerraSAR-X and Swarm-2 data over the Amazon basin. For GGMs based on Jason, MetOp, Kompsat-5, Sentinel-3A, TanDEM-X, Swarm-1 and Swarm-2 satellite missions over the Amazon basin as well as for all N-DGSM-based GGMs investigated over the area of Poland, no correlations between ∆N (SST-hl) and ∆N (ITSG) are observed.
In general, several factors might diminish the quality of ∆N (SST-hl) determined from N-DGSMbased GGMs. First of all at higher altitudes, i.e. 550-1336 km (cf. Table 1), the signal reflecting variations of geoid heights is very weak and noisy. Moreover, the quality of ∆N (SST-hl) depends on the strength of the signal. For areas with relatively slight temporal variations of geoid height even at lower altitudes, i.e. 450-550 km, the signal can be very noisy. The quality of GNSS observations in SST-hl technique might also be inadequate to sense that signal. Furthermore, the lack of star trackers on board of the satellite (Zehentner et al. 2014) might degrade the quality of mission results. It should be noted that GPS receivers (GPSR) mounted on Swarm and TerraSAR-X satellites are simultaneously tracking maximum 8 and 12 GPS satellites, respectively (Zehentner and Mayer-Gürr 2016) . The TanDEM-X mission is based on the TerraSAR-X mission (Schulze et al. 2010) . Thus, the orbit accuracy of the TerraSAR-X satellite can be higher than the corresponding ones of Swarm and TanDEM-X satellites. So that ∆N (SST-hl) obtained from GGMs based on TerraSAR-X are more accurate than the ones of TanDEM-X and Swarm satellites. Despite the fact
that Swarm-1 and Swarm-2 satellites are at the same altitude, ∆N (SST-hl) from GGMs based on Swarm-2 data seem more accurate. This might be ascribed to the quality of GNSS data collected by the GPSR of Swarm-2 satellite which is better than the corresponding one of Swarm-1 satellite (e.g. van den Ijssel et al. 2016 ).
Time series of ∆N (SST-hl) of relatively slight standard deviations of δ∆N (ITSG-SST) , i.e. not exceeding 2.2 cm, were smoothed using Eq. 6. Figure 5 illustrates time series of smoothed temporal variations of geoid heights ∆N (SST-hl smoothed) and ∆N (ITSG) . Statistics of differences δ∆N (smoothed) obtained with the use of Eqs. (7) and (9) are given in Table 4 . Figure 6 depicts coefficients of correlation between ∆N (SST-hl smoothed) and ∆N (ITSG) . The results presented in Figure 5 and Table 4 reveal that the fit of ∆N (SST-hl smoothed) time series to ∆N (ITSG) is remarkably better compared to the to the fit of unsmoothed, i.e. ∆N (SST-hl) , time series to ∆N (ITSG) (cf. Fig. 3 ). The standard deviations of δ∆N (smoothed) are within the range of 0.5-0.8 cm and 0.5-1.1 cm for the Amazon basin and the area of Poland, respectively. Taking into the consideration statistics presented in Table 3 , a clear reduction, i.e. up to 66% for the Amazon basin and up to 44% for Poland, in terms of standard deviations of δ∆N (smoothed) in relation to standard deviations δ∆N (ITSG-SST) is observed. However, it should be noted that for the area of Poland standard deviations of δ∆N (smoothed) are still large compared to the range of ∆N (ITSG) , i.e. ca. 0.6 cm. The results presented in Figure 6 indicate that for the Amazon basin, coefficients of correlation between ∆N (SST-hl smoothed) and ∆N (ITSG) are at the level of 0.60 for Sentinel-3A, Swarm-comb, TerraSAR-X and Swarm-2 satellite missions. Figure 6 also shows that for the area of Poland, there is no correlation between ∆N (SST-hl smoothed) and ∆N (ITSG) time series. This is because even after smoothing of ∆N (SST-hl) , coefficients of correlation between ∆N (SST-hl smoothed) and ∆N (ITSG) for the area of Poland are still within the range of ±0.37. Moreover, Figure 5 confirms that for the area of Poland, ∆N (SST-hl smoothed) time series do not follow the ∆N (ITSG) pattern. The amplitudes of ∆N (SST-hl smoothed) for this area are still several times larger than the amplitudes of ∆N (ITSG) . This may imply that N-DGSM-based GGMs investigated within this study are unsuitable for the determination of temporal variations of geoid heights for areas characterized with relatively slight temporal mass variations as for the area of Poland.
Summary and conclusions
The suitability of GGMs developed with the use of SST-hl data from non-dedicated gravity satellite missions (N-DGSM) for recovering temporal variations of geoid heights ∆N and filling the gap between GRACE and GRACE-FO was investigated at two test areas, i.e. the Amazon basin The comparison of ∆N determined from GGMs based on SST-hl data from N-DGSMs with the corresponding ones from ITSG-GRACE2016 GGMs indicates that GGMs developed using SST-hl data from Jason-2, Jason-3, MetOp-A, MetOp-B, Kompsat-5 and Swarm-1, Swarm-3 satellites are unsuitable for the determination of ∆N. In the case of the Amazon basin, week/moderate correlations (correlation coefficients from 0.39 to 0.56) between ∆N obtained from ITSG-GRACE2016 GGMs and the corresponding ones from GGMs based on SST-hl data from Swarmcomb, TerraSAR-X and Swarm-2 satellites are observed. For the area of Poland, there is no correlation between ∆N time series based on GGMs determined from SST-hl data and the corresponding ones obtained from ITSG-GRACE2016 GGMs.
The moving average of window size of 3 months was applied to smooth ∆N time series obtained from GGMs based on SST-hl data from Sentinel-3A, Swarm-comb, TanDEM-X, TerraSAR-X and Swarm-2 satellites. The fit, in terms of standard deviations of the differences of those ∆N smoothed to the ones determined from ITSG-GRACE2016 GGMs do not exceed 8 mm for the Amazon basin and 12 mm for the area of Poland. Moderate correlation (correlation coefficients from ca. 0.55 to 0.64) between ∆N from ITSG-GRACE2016 and the corresponding smoothed ∆N from GGMs based on SST-hl data from Sentinel-3A, Swarm-comb, TerraSAR-X and Swarm-2 satellites was obtained for the Amazon basin. There is no correlation between ∆N time series obtained from these N-DGSM-based GGMs and the corresponding ones from ITSG-GRACE2016 GGMs over the area of Poland. The seasonal pattern even in smoothed ∆N time series obtained from GGMs developed on the basis of SST-hl data from N-DGSMs is invisible for the area of Poland, although standard deviations of differences between smoothed ∆N and the ones from ITSG-GRACE2016 GGMs for this area are at the similar level, i.e. 0.5-1.0 cm, as for the Amazon basin. The cause for such results is the strength of ∆N signal investigated, which is much stronger for the Amazon basin than for the area of Poland. Thus, the reliability of SST-hl data for the determination of temporal variations of geoid heights strongly depends on the magnitude of the mass transport, which is related to the geographical location.
Over the Amazon basin, ∆N obtained from N-DGSM-based GGMs indicate that the quality of GGMs developed on the basis of SST-hl data from the TerraSAR-X satellite mission is superior with respect to those developed on the basis of SST-hl from other N-DGSMs. To some extent, GGMs developed on the basis of SST-hl data from TanDEM-X, Swarm-comb, Swarm-2 and Sentinel-3A N-DGSMs seem suitable to provide valuable information concerning ∆N for the Amazon basin. Overall, in the gap between GRACE and GRACE Follow-On, temporal variations of geoid heights might be determined from GGMs based on SST-hl data from N-DGSM for areas characterized with strong mass transport such as the Amazon basin. For the determination of ∆N
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over areas with similar mass transport as the area of Poland, GGMs based on SST-hl data from the N-DGSMs investigated seem not able to recover these variations. For areas where these variations are smaller than for the Amazon basin but greater than for the area of Poland further investigations are needed even for the missions taken into consideration within this study.
